Tetrahydrobiopterin (BH 4 )-responsive phenylalanine hydroxylase (PAH) deficiency is characterized by reduction of blood phenylalanine level after a BH 4 -loading test. Most cases of BH 4 -responsive PAH deficiency include mild phenylketonuria (PKU) or mild hyperphenylalaninemia (HPA), but not all patients with mild PKU respond to BH 4 . We performed the phenylalanine breath test as reliable method to determine the BH 4 responsiveness. Phenylalanine breath test quantitatively measures the conversion of L-[1-
Tetrahydrobiopterin (BH 4 )-responsive phenylalanine hydroxylase (PAH) deficiency is characterized by reduction of blood phenylalanine level after a BH 4 -loading test. Most cases of BH 4 -responsive PAH deficiency include mild phenylketonuria (PKU) or mild hyperphenylalaninemia (HPA), but not all patients with mild PKU respond to BH 4 . We performed the phenylalanine breath test as reliable method to determine the BH 4 responsiveness. Phenylalanine breath test quantitatively measures the conversion of L- [1- 13 C] phenylalanine to 13 CO 2 and is a noninvasive and rapid test. Twenty Japanese patients with HPA were examined with a dose of 10 mg/kg of 13 C-phenylalanine with or without a dose of 10 mg · kg Ϫ1 · d Ϫ1 of BH 4 for 3 d. The phenylalanine breath test [cumulative recovery rate (CRR)] could distinguish control subjects (15.4 Ϯ 1.5%); heterozygotes (10.3 Ϯ 1.0%); and mild HPA (2.74%), mild PKU (1.13 Ϯ 0.14%), and classical PKU patients (0.29 Ϯ 0.14%). The genotypes in mild PKU cases were compound heterozygotes with mild (L52S, R241C, R408Q) and severe mutations, whereas a mild HPA case was homozygote of R241C. CRR correlated inversely with pretreatment phenylalanine levels, indicating the gene dosage effects on PKU. BH 4 loading increased CRR from 1.13 Ϯ 0.14 to 2.95 Ϯ 1.14% (2.6-fold) in mild PKU and from 2.74 to 7.22% (2.6-fold) in mild HPA. A CRR of 5 to 6% reflected maintenance of appropriate serum phenylalanine level. The phenylalanine breath test is useful for the diagnosis of BH 4 -responsive PAH deficiency and determination of the optimal dosage of BH 4 without increasing blood phenylalanine level. 4 , tetrahydrobiopterin, CRR, cumulative recovery rate, HPA, hyperphenylalaninemia, PAH, phenylalanine hydroxylase, PKU, phenylketonuria, PTPS, 6-pyruvoyl-tetrahydropterin synthase Phenylketonuria (PKU) is an autosomal recessive disorder caused by deficiency of hepatic phenylalanine hydroxylase (PAH; EC 1.14.16.1). The disease causes mental retardation unless the affected child is maintained on a strict lowphenylalanine diet (1) . Newborn mass screening for PKU is performed worldwide, and patients with a wide spectrum of clinical severity have been identified with almost 100% probability. The incidence of PKU in Japan is 1/120,000 (2) and is much lower than in whites (1/10,000) (3) and Chinese (1/ 18,000) (4). PKU is a heterogeneous metabolic disorder at both clinical and genetic levels.
The diagnosis of PKU is based on the presence of high concentration of phenylalanine in the serum and lack of deficiency of tetrahydrobiopterin (BH 4 ), rather than by measuring hepatic PAH activity. The clinical severity of PAH deficiency is also determined mainly by serum phenylalanine level, al-though blood phenylalanine concentration is influenced by the dietary protein intake. For an appropriate diet therapy influenced by the social environments and personal situations, it is important to determine directly the clinical severity of PKU and PAH activity. As a representative autosomal recessive inherited disease, it is important to investigate how both alleles of the PKU gene influence PAH activity and how they give rise to clinical symptoms. We reported in 1991 that the clinical phenotype of PKU patients correlated with the genotype, which was the average of in vitro PAH activity of both mutations (5) . However, subsequent studies reported that the clinical phenotype in several cases of PKU did not correspond with the genotype (6, 7) . The metabolism of phenylalanine in the human body not only reflects PAH protein but also is influenced by many factors, such as absorption and excretion of phenylalanine and the regulation of transcription and/or translation on PAH gene.
Various methods are available for in vivo measurement of PAH activity.
2 H-tyrosine in blood is measured after administration of 2 H-phenylalanine using gas chromatography mass spectrometry. The results of analysis using this method correlated with hepatic PAH activity and clinical phenotype (8 -10) . However, this method requires the use of a large amount of phenylalanine as a loading dose (10 -200 mg/kg) and frequent blood sampling. Treacy et al. (11) described the phenylalanine breath test, a rapid noninvasive test for measurement of the actual phenylalanine tolerance. The test is based on quantitative measurement of the conversion of L- [1- 13 C] phenylalanine to 13 CO 2 through tyrosine by PAH. The phenylalanine breath test provides information on the whole-body phenylalanine oxidative capacity, as an index of in vivo PAH activity.
Recently, BH 4 -responsive PAH deficiency was characterized by a decrease of blood phenylalanine after a BH 4 loading test (12) and patients with this deficiency have been treated with long-term BH 4 (13) (14) (15) (16) (17) . Most patients of BH 4 -responsive PAH deficiency have mild PKU and mild hyperphenylalaninemia (HPA), but not all patients with mild PKU respond to BH 4 . In fact, even patients with similar mild mutations exhibit different response to BH 4 (12, 17) . Using the phenylalanine breath test, Muntau et al. (17) reported recently that BH 4 increases PAH activity in patients with BH 4 -responsive PAH deficiency. The present study was designed to determine whether phenylalanine oxidation capacity is consistent with the clinical phenotype and genotype and whether determination of this parameter is useful for the diagnosis of BH 4 -responsive PAH deficiency.
METHODS

Subjects.
The subjects of this study were 20 Japanese patients (11 male individuals, aged 1-23 y) who were confirmed to have PAH deficiency on the basis of clinical and biochemical evaluation at the participating institutions. The patients, except for an adult patient with mild and another with classical PKU, were on phenylalanine-free milk and low-protein food ranging from insufficient to sufficient. Serum phenylalanine levels measured before the breath test in the two untreated patients with mild and classical PKU were 0.97 and 1.45 mM, respectively. The mean serum phenylalanine concentrations were 0.31 Ϯ 0.14 mM (Ϯ SD; range: 0.11-0.46 mM) in six treated patients with mild PKU and HPA and 0.43 Ϯ 0.28 mM (range: 0.068 -0.95 mM) in 12 treated patients with classical PKU. Two patients with 6-pyruvoyl-tetrahydropterin synthase (PTPS) deficiency were diagnosed by analysis of urinary pteridine, biopterin loading test, and measurement of PTPS activity and treated with BH 4 , 5-hydroxytryptophan, L-dopa, and carbidopa. The criterion for classical PKU is serum phenylalanine concentration of Ն1.2 mM before initiation of a phenylalaninerestricted diet or in the absence of dietary restrictions later in life. The serum phenylalanine concentrations in mild PKU and mild HPA were 0.6 -1.2 mM and Ͻ0.6 mM, respectively, without phenylalanine-restricted diet. Serum phenylalanine was measured using ion-exchange chromatography.
Phenylalanine breath test. For phenylalanine breath test, 99% enriched L-[1-
13 C] phenylalanine was administered orally at a dose of 10 mg/kg and a maximum of 200 mg after overnight fast. Breath samples were collected into aluminum bags at 0, 10, 20, 30, 45, 60, 90, and 120 min. 6R-BH 4 (Suntory Co., Tokyo, Japan) was administered orally at a dose of 10 mg/kg with a maximum of 200 mg, divided into two doses per day at Ϫ2 and Ϫ1 d and another dose of 10 mg/kg, with a maximum of 200 mg, 3 h before the breath test, as shown in Figure 1 . The breath test was repeated twice in seven patients (two classical PKU and five mild PKU), before and after BH 4 . The administered 13 C-phenylalanine is metabolized by PAH and is exhaled as 13 CO 2 . 12 CO 2 (m/z 44) and 13 CO 2 (m/z 45) were measured using gas chromatograph/mass spectrometer (Breath MAT Plus; Finnigan MAT, Bremen, Germany) (18) . Results of the 13 CO 2 breath tests were expressed as 13 CO 2 excess permillage (⌬ 13 C, ‰) and cumulative recovery rate (CRR; %) (11) . The⌬ 13 C (‰) was expressed as the ratio of 13 CO 2 / 12 CO 2 . The CRR was expressed as the ratio of total amounts of 13 CO 2 (moles) in expiration during 120 min for administered dose of 13 C-phenylalanine. Total CO 2 production speed is calculated from the body surface area (5 mmol · m 13 C] phenylalanine and 1 h after administration using Hitachi automatic amino acid analyzer L8800 (Hitachi Co., Hitachinaka, Japan). 
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DNA analysis. PAH mutations were determined by using denaturing gradient gel electrophoresis and DNA sequencing, as described previously (21, 22) . Genomic DNA was isolated from lymphocytes or EBV transformed lymphoblasts. Thirteen exons and flanking intronic regions of the PAH gene were amplified by PCR with GC-clamped primers according to Guldberg et al. (23) . The target exons with mutations were amplified from genomic DNA by PCR with biotinylated primers and were purified to single-strand DNA using magnetic beads coated with streptavidin M280 (Dynal, Oslo, Norway). The purified single-stranded DNA was sequenced by the dye terminator method using an ABI PRISM 310 Genetic Analyzer (Perkin Elmer, Norwalk, CT).
Statistical analysis and ethical issues. All data were expressed as mean Ϯ SD unless otherwise stated. Differences between groups were examined for statistical significance using the t test. A p Ͻ 0.05 denoted the presence of a statistically significant difference. Statistical analyses were performed using the Statview program version 4.5 (Abacus Concepts, Berkeley, CA).
All protocols described in the above studies were approved by the institutional review boards of Osaka City University Graduate School of Medicine, and informed consent for the breath test and genetic analysis was obtained from all patients or their parents. Table 1 shows the results of genetic analysis of 13 patients with classical PKU, six patients with mild PKU, and one patient with mild HPA. A total of 18 mutations were identified in 40 PKU alleles of the 20 patients, except for one allele. Four mutations of A202V (GCT 3 GTT), R252P (CGG 3 CCG), Q301H (CAG 3 CAT), and D415H (GAC 3 CAC) have not been reported. The genotypes in mild PKU cases were from compound heterozygotes with mild (L52S, R241C, R408Q) and severe mutations, whereas in the mild HPA case, it was homozygote of mild mutation (R241C/R241C). In this study, we could not find cases with discordance between genotype and clinical phenotype.
RESULTS
Identification of genotype.
Serum phenylalanine concentration. We also examined the influence of 13 C-phenylalanine loading (10 mg/kg; maximum 200 mg) on serum phenylalanine concentration. No large increase was noted in serum phenylalanine concentration before and after administration of 13 C-phenylalanine in both classical PKU and mild PKU/HPA patients (an increase from a predosing value of 0.51 Ϯ 0.39 to 0.62 Ϯ 0.38 mM at 1 h after phenylalanine dosing and from 0.41 Ϯ 0.29 to 0.44 Ϯ 0.26 mM, respectively).
13 CO 2 / 12 CO 2 ratio in breath test. Figure 2 shows the changes in 13 Figure 3 , the phenylalanine breath test exhibited continuous levels of CRR in PAH deficiency from 0 (classical PKU) to 2.74% (mild HPA). These results are in agreement with various clinical manifestations of PKU. The CRR (in vivo PAH activity) could distinguish control subjects (15.4 Ϯ 1.5%; range: 13.79 -17.44%); the heterozygotes (10.3 Ϯ 1.0%; 9.00 -11.42%); and mild HPA (2.74%), mild PKU (1.13 Ϯ 0.14%; 1.01-1.40%), and classical PKU (0.29 Ϯ 0.14%; 0 -0.93%) patients (Fig. 3) . We found consistency between the CRR and clinical phenotype in the Japanese patients who were tested in this study. Patients with compound heterozygotes of mild (L52S, R241C, R408Q) and severe mutations had CRR of 1.0 -1.4% and mild PKU phenotype, whereas patients with severe mutations for both alleles had CRR of Ͻ0.93% and classical PKU phenotype. In this study, we did not find inconsistency among clinical phenotype, CRR, and genotype. BH 4 loading increased CRR from 1.13 Ϯ 0.14 to 2.95 Ϯ 1.14% (2.6-fold) in all four patients with mild PKU and also increased it from 2.74 to 7.22% (2.6-fold) in mild HPA patients. All patients with mild PKU and mild HPA in this study responded to BH 4 . Two patients with classical PKU showed no increase in the CRR after BH 4 loading. BH 4 -induced activation was proportional to residual PAH activity. In PTPS patients 1 and 2, serum phenylalanine was effectively controlled to Յ0.12 mM after administration of BH 4 at 3.4 and 6 mg · kg Ϫ1 · d Ϫ1 , respectively, with regular food. The CRR values in these two patients were 5.88 and 19.0%, respectively.
CRR in breath test. As shown in
Correlation between CRR and phenylalanine levels without dietary treatment. Correlation between CRR and serum phenylalanine levels without dietary treatment was examined in 26 patients. Serum phenylalanine levels of four control subjects, four heterozygotes, and two patients with PTPS deficiency were measured before administration of phenylalanine in the breath test. Plasma phenylalanine levels of 16 patients with PAH deficiency were examined before phenylalaninerestriction therapy. As shown in Figure 4 , CRR correlated inversely with phenylalanine concentration (1/y ϭ 0.69 ϩ 1.02 x; p Ͻ 0.0001). This result indicates that phenylalanine levels can decrease steeply with a slight increase of CRR (from 0% or near 0% to 1-2%), and the clinical phenotype changes from classical PKU to mild HPA.
DISCUSSION
In the phenylalanine breath test, the administered 13 Cphenylalanine is absorbed in the intestine and transported to the liver cells through the portal vein. In the liver, 13 Cphenylalanine is converted to 13 C-tyrosine by PAH, then to homogentisic acid by tyrosine aminotransferase and dioxygenase, and is finally exhaled as 13 CO 2 . Thus, this test not only simply measures PAH activity but also evaluates the overall state of phenylalanine metabolism in humans, i.e. phenylalanine oxidation capacity. This test is expected to reflect the clinical phenotype of PKU. The phenylalanine breath test used in the present study does not require blood sampling or special 
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PAH BY PHENYLALANINE BREATH TEST conditions such as high serum phenylalanine levels. The results are deduced from analysis of the expired gas collected over a short period of time. Thus, the phenylalanine breath test is simple and noninvasive and can be repeated several times.
The CRR in phenylalanine breath test showed a continuum from classical PKU to mild HPA (Fig. 3) . This finding is in agreement with the clinical notion that PKU is a highly heterogeneous disease for the clinical phenotype, which is caused by the strong heterogeneity of PKU mutations. In fact, 18 different mutations were detected in 20 patients in the present study. Patients with classical PKU, mild PKU, and mild HPA had significantly different CRR values of Ͻ1%, 1-1.4%, 2.4%, respectively. Therefore, we can predict the clinical phenotype from the CRR. Furthermore, CRR can be used to determine adherence to diet therapy. Concerning the effects of BH 4 on PAH, all five patients with mild PKU and mild HPA responded to BH 4 loading and showed an increase in CRR, which was proportional to the residual PAH activity after BH 4 dosing. In patients with classical PKU, BH 4 loading did not increase CRR. When the CRR is 1% or higher before BH 4 dosing, the response to BH 4 may be expected (Fig. 3) . A CRR value of 5.88% in patients with PTPS deficiency indicated Ͻ0.12 mM of serum phenylalanine levels on long-term BH 4 therapy. These findings suggest that the cumulative recovery of 5 to 6% is also sufficient for maintaining serum phenylalanine level (0.12 mM) in patients with PAH deficiency and that our test may be potentially useful for determining the optimal dosage of BH 4 for long-term medication of BH 4 -responsive HPA patients.
The frequency and types of PKU mutations differ greatly between whites and East Asians (21, 24) . Mutations associated with mild phenotype and BH 4 -responsive PAH deficiency in East Asians also differ from those in whites. In the present study, all patients with mild PKU phenotype were compound heterozygotes with severe and mild mutations, which included R241C (in vitro PAH activity; 25%) (25), L52S (27%) (22) , and R408Q (55%) (26) , as shown in Table 1 . Mild HPA was R241C homozygote. The patient with R408Q (in vitro PAH activity, 55%) and Del 5&6 had higher CRR than four patients with R241C (in vitro PAH activity, 25%) and severe mutations (R413P, Q301H, and R252P). The phenylalanine oxidation capacity, i.e. CRR, determined by our test stands between the clinical phenotype and the genotype and links them together. In the present study of Japanese patients, none of the patients showed any disagreement among clinical phenotype, phenylalanine oxidation capacity, and genotype. It follows that the genotype determined by both alleles mainly specifies PAH activity, which in turn specifies the clinical manifestations in an individual.
However, in East Asians, discordance between BH 4 responsiveness and genotype has been reported (12) . Two patients with P407S mutation were described, one as a nonresponder (P407S/R111X) and the other as a responder (P407S/R252W) to BH 4 . This different responsiveness is thought to be due to another mutation in each patient (R111X: stop codon mutation; R252W: missense mutation) on PAH protein synthesis. In whites, inconsistencies associated with BH 4 responsiveness are reported concerning Y414C, L48S, I65V, and R261Q mutations, and the BH 4 responders and nonresponders are present in individuals with the same mild mutation (17) .
The cause for discordance among clinical phenotype including BH 4 (27) pointed out that a single dose of 20 mg/kg of 6R-BH 4 , the active form, was 5-20 times more effective than smaller doses of 6R-BH 4 or 6R, S-BH 4 and induced a response in 70% of patients with mild PAH deficiency. With regard to the optimum BH 4 dose for long-term control of patients with BH 4 -responsive PAH deficiency, favorable blood phenylalanine levels were obtained at a BH 4 dose of 5-10 mg/kg. It may be necessary to repeat BH 4 doses over several days for unstable absorption of BH 4 . In our study using BH 4 at 10 mg · kg Ϫ1 · d Ϫ1 for 3 d, a rise of PAH activity was noted in all patients with mild PKU and mild HPA.
Concerning PAH site factors, various mutations associated with BH 4 responsiveness have been identified, and some mutations were outside the catalytic domain or the locusassociated Km variant for BH 4 of the PAH enzyme. Direct effects of BH 4 are suspected. In other words, BH 4 may upregulate the expression of the PAH gene, stabilize PAH mRNA, and facilitate and stabilize the formation of functional PAH tetramers (16) . phenotype. Mutations that were identified in cases with discordance between genotype and clinical phenotype were basically related to the mild genotype. Patients with the mild clinical phenotype exist at the turning point of the correlation curve shown in Figure 4 . This mild phenotype is produced by a small residual PAH activity, which is specified to the genotype. The formula suggests that a slight increase of the CRR at the turning point by certain effectors should greatly reduce blood phenylalanine level and cause transformation to a mild phenotype. In contrast, a slight decrease of the CRR leads to a rise in blood phenylalanine level and subsequently leads to transformation to a severe phenotype. Patients with mild mutation could become milder or more severe by certain effectors of the PAH enzyme. BH 4 is advocated as a strong effector to influence mutations at the turning point.
The phenylalanine breath test is useful for the diagnosis of BH 4 -responsive PAH deficiency and determination of the optimal dosage of BH 4 without increasing blood phenylalanine level. To clarify the discordance between clinical phenotype including BH 4 responsiveness and genotype, it is important to investigate both genotype and phenylalanine oxidation capacity and to further accumulate such data.
